The formation of molecular films of 2,9,16,23-tetraamino metal phthalocyanines [TAM(II)Pc; M (II) = Co, Cu, and TAM(III)Pc; M = Fe] by spontaneous adsorption on gold and silver surfaces is described. The properties of these films have been investigated by cyclic voltammetry, impedance, and FT-Raman spectroscopy. The charge associated with Co(II) and Co(I) redox couple in voltammetric data leads to a coverage of (0.35 ± 0.05) × 10 -10 mol cm -2 , suggesting that the tetraamino cobalt phthalocyanine is adsorbed as a monolayer with an almost complete coverage. The blocking behavior of the films toward oxygen and Fe(CN) 6 3-/4-redox couple have been followed by cyclic voltammetry and impedance measurements. This leads to an estimate of the coverage of about 85 % in the case of copper and the iron analogs. FT-Raman studies show characteristic bands around 236 cm -1 revealing the interaction between the metal substrate and the nitrogen of the -NH 2 group on the phthalocyanine molecules.
INTRODUCTION
Phthalocyanines have been shown to have very interesting properties coupled with excellent stability to heat, light, and harsh chemical environments. Their optical and electronic properties have been exploited in various applications such as pigments in paints and printing inks; infrared security devices, information storage, and computer disk writing; conducting polymers and photoconductors; catalysts for oxidation of thiols, disulfides, chemical sensors, and in photodynamic therapy of cancer [1, 2] . Transition metal-based phthalocyanines have attracted attention in the areas of fuel cells, gas sensors, and biosensors [1, 2] . Most of these applications require the use of phthalocyanines in the form of thin films. Further, it is desirable to have ordered, well-packed, and oriented molecular layers of phthalocyanines on various substrates.
Chemisorption of molecules onto metal substrates offer the flexibility of molecular ordering and orientation. In this direction, self-assembled films of thiols, disulfides, silanes, and nitrogen containing compounds onto gold, silver, and platinum substrates have been receiving wide attention [3] [4] [5] [6] . The potential use of these molecular films for the study of electron-transfer kinetics, wetting, corrosion, tribology, sensing, and other applications have already been demonstrated [3, [7] [8] [9] [10] .
The study of adsorbed molecular films of phthalocyanines includes the following: Cook, Russell, and coworkers have reported the preparation of phthalocyanines with one or two trichlorosilyl alkyl chains and subsequently formed self-adsorbed films on glass and silicon [11] . The preparation and film formation of the thiol and disulfide-derivatized phthalocyanines [12] [13] [14] on gold surfaces have been accomplished by the same group. The infrared reflection-absorption spectroscopy (IRRAS) and evanescent wave-excited fluorescence emission studies have been used to identify the orientation of the phthalocyanine monolayers. These studies suggest that the orientation of the phthalocyanine ring of the molecule depends on the length of the spacer between the ring and the gold surface. When the chain length is large and is of the order of C11 hydrocarbon chain, the macrocycles assume a densely packed orientation with the phthalocyanine ring arranged perpendicular to the gold surface. A C3 alkyl chain induces the formation of a less closely packed monolayer with the phthalocyanine rings arranged parallel to the gold surface. Huc and coworkers [15] reported that ruthenium phthalocyanine can be grafted onto gold substrates by axial ligation using isonitriles as spacers between the metal and the phthalocyanine. Recently, Li and coworkers have reported the formation of self-assembled monolayers (SAMs) of thiol-tethered, octasubstituted, and axially ligated silicon phthalocyanines [16] . However, a careful examination of the literature reveals that the formation of spontaneously adsorbed metal phthalocyanine molecular films on metal substrates, and their applications have not been explored in detail. The metal phthalocyanines constitute an important class of compounds that provide models for theoretical and experimental studies involving electron-mediated processes [17] . One of the main areas of interest is the electrocatalytic reduction of oxygen by metal phthalocyanines [18] [19] . In this paper, we describe the molecular film formation of 2,9,16,23-tetraamino metal phthalocyanines [metal = Co(II), Cu(II), and Fe(III)] on gold and silver surfaces. Electrochemical methods and FT-Raman spectroscopy have been used to characterize these films. [20] [21] [22] .
EXPERIMENTAL
4-Nitrophthalic acid and sodium sulfide nonahydrate were procured from Lancaster, UK. All other chemicals and solvents used were of analytical grade. Double-distilled water was used in all the preparations. The cobalt analog is prepared using the following procedure. Briefly, a finely ground mixture of 4-nitrophthalic acid (10.0 g, 0.09 mol), CoSO 4 7H 2 O (7.5 g, 0.03 mol), ammonium chloride (5.0 g, 0.09 mol), urea (30.0 g, 0.49 mol) and a catalytic amount of ammonium molybdate was stirred in a 500-mL round-bottomed flask containing nitrobenzene solvent (15 mL) at 180 °C for 5 h. The resulting crude product was ground and washed with methanol repeatedly until the solvent was completely removed. It was further stirred in 1 M HCl (500 mL) saturated with NaCl for 5 min and filtered. The residue was then washed using 1 M NaOH (500 mL) saturated with NaCl at 90 °C until the evolution of NH 3 ceased. The resulting product was centrifuged and further treated with NaCl-saturated HCl and NaOH solutions a few times. The bluish-green product, 2,9,16,23-tetranitro cobalt (II) phthalocyanine was washed with water until free from chloride ions, centrifuged and dried in vacuum over P 2 O 5 . The reduction of the nitro groups was carried out by stirring 2,9,16,23-tetranitro cobalt (II) phthalocyanine (10.0 g, 0.01 mol) in an aqueous solution (250 mL) of sodium sulfide nonahydrate (50.0 g, 0.21 mol) at 50 °C for 5 h. The solid product was separated in a centrifuge and treated with 1 M HCl (500 mL). The residue was separated and treated with 1 M NaOH (500 mL), stirred for 1 h, and centrifuged to separate the solid complex. The product was repeatedly washed with water until free from NaOH and NaCl. The pure 2,9,16,23-tetraamino cobalt(II) phthalocyanine was dried in vacuum over P 2 O 5 . The product was characterized by elemental analysis for C, H, N, and Co, UV-vis and IR spec- troscopy and powder X-ray diffraction techniques, and the results were in conformity with those reported in the literature [20] [21] [22] .
The copper and iron analogs of the aminophthalocyanines were prepared by using stoichiometric amounts of CuSO 4 ·5H 2 O or anhydrous FeCl 3 , respectively, in place of CoSO 4 ·7H 2 O in the above procedure. These phthalocyanine analogs were also characterized using the same techniques as described above and were found to be in agreement with the reported results [20, 22] .
Formation of adsorbed molecular films
The adsorbed phthalocyanine molecular films were formed on gold and silver disk electrodes of geometric area 0.031 cm 2 . Gold electrodes were polished on a polishing cloth using 0.05-µm alumina and washed thoroughly with water. They were subsequently cleaned by immersing in piranha solution (a mixture of sulfuric acid and hydrogen peroxide in the ratio 3:1 by volume) for 15 s. Caution: piranha solution is very reactive with organic compounds, and direct contact should be avoided. This procedure was repeated several times until reproducible cyclic voltammograms were obtained for the oxidation of Fe(CN) 6 4-in KCl solutions. Silver electrodes were polished on a polishing cloth using 0.05-µm alumina suspension and subsequently washed with double-distilled water followed by washing with absolute alcohol. This procedure was repeated several times until a reproducible cyclic voltammogram was obtained for the reduction of oxygen in a phosphate buffer of pH 7.
Molecular films of cobalt phthalocyanine were formed by immersing the clean electrodes in a saturated solution of phthalocyanine in n-butanol. n-Butanol was preferred due to the ease of evaporation of the solvent. Copper phthalocyanine films were formed using a similar procedure while the iron analog was assembled from a 3 mM aqueous solution for 24 h. Solubility criteria was used in choosing different solvents. The electrodes were removed and rinsed with the respective solvents for about 30 min, followed by thorough washing in ethanol and water. The modified electrodes were stored in the respective solvents and then used for characterization.
Characterization
Bruker IFS 100/S FT-Raman spectrometer with Nd-YAG laser source with a wavelength of 1064 nm was used for the FT-Raman studies. The scattered signals were collected at an angle of 180°to the incident laser beam. The laser power used for the films on silver, gold, and glass was 300 and 100 mW for the solution studies. The films were found to be stable despite the high laser power used. Samples for FT-Raman measurements were prepared by adsorbing the phthalocyanines on electrochemically roughened gold and silver surfaces. The electrochemical pretreatment was carried out by repeated cycling of the electrodes between -0.155 and 1.245 V in 0.5 M H 2 SO 4 in the case of gold [23] and between -0.65 and 0.15 V in 0.1 M KCl in the case of silver [24] . The roughness of the electrodes was measured using a profilometer (Form talysurf plus, UK) that scans a particular section on the surface, and a surface amplitude profile is given as the output. The average is taken to be the roughness of the surface. Five different regions were scanned on the surface, and all of them lead to a roughness of (60 ± 2) nm for gold and (30 ± 3) nm for silver. In electrochemistry literature, however, the roughness factor is given as the ratio of the true area to the geometric area of the electrode. This ratio is determined based on the charge associated with the reduction of gold oxide in a 0.5 M H 2 SO 4 solution [25] in the case of gold electrode and the capacitive currents associated with the cyclic voltammograms in 0.1 M HClO 4 in the case of silver electrode [26] . The roughness factors were calculated to be 3.6 for gold and 6.8 for silver electrodes. The profilometer-based roughness is generally used in explaining the enhancement in Raman signals arising from the adsorbed molecules, while the electrochemically determined roughness factor is used to determine the true electrochemical parameters such as coverage, surface concentration, number of electrons involved in the redox process, etc.
The roughened surfaces were used for assembling the films as described above. After the formation of the films, the samples were washed very well with the same solvent for 30 min and subsequently washed with absolute alcohol. Further, the samples were dried over silica gel in the atmosphere of ultrahigh purity argon for 1 h before the measurements. Raman spectra were also recorded on a thin film of the compound on a glass plate and in 1 mM solution in dimethylformamide (DMFO) for comparison.
Electrochemical measurements were carried out using either Versastat II (EG&G, Princeton, NJ) or a CHI 660A electrochemical analyzer (CH instruments, Austin, Texas). A three-electrode cell consisting of a saturated calomel reference electrode, a platinum foil counterelectrode, and the modified silver or gold disc as working electrode was used. The cell was purged with purified nitrogen or argon whenever required.
RESULTS AND DISCUSSION
The structures of phthalocyanine molecules used in the present study are shown in Fig. 1 . Cobalt(II) and copper(II) phthalocyanines are planar (Fig. 1a) , while the iron(III) analog has axially chlorine-ligated square pyramidal structure (Fig. 1b) [27] . The formation of phthalocyanine molecular films on the metal surfaces is confirmed by checking the blocking behavior of the films for soluble, redox-active compounds. peak for dissolved oxygen at ∼ -0.4 V, while the covered electrode blocks the access of oxygen molecules leading to decreased currents at the same applied DC bias potentials. It is clear from the negative shift in the reduction peak potentials and the decrease in peak currents, that the films have blocking characteristics for soluble redox-active compounds. Based on the relative decrease in Faradaic currents at the peak potential, the coverages have been estimated to be (90 ± 2) % on gold and (80 ± 2) % on silver surfaces. The ability of the coated electrodes to block the electron transfer between the metal surface and a soluble redox mediator is a direct measure of the defectiveness associated with the blocking film [28] [29] [30] . A freely diffusing mediator will react exclusively at the pinholes/defects if the electron transfer is blocked across the majority of the monolayer. Hence, the ratio of the Faradaic currents observed at the formal potential of a redox mediator on a bare and a coated electrode could be an indirect measure of the defectiveness or the coverage. The blocking behavior of the modified electrode for another soluble redox species, Fe(CN) 6 4-, has also been followed by impedance measurements (Fig. 3) . The comparison of the total impedance in the impedance plots recorded on bare and the [TAFe(III)Pc] and [TACu(II)Pc] film-coated electrodes shows the effect of the adsorbed film. The plots (ii) in Fig. 3 illustrate the blocking behavior of the film with well-defined semicircles at higher frequencies. The diameter of this semicircle is a measure of the charge-transfer resistance (R ct ). This R ct on the covered electrode is greater than the R ct measured for bare gold electrode owing to the inhibition to the chargetransfer rate [31] . The charge-transfer resistance (R ct ) calculated for the bare gold surface is 24.4 Ω cm 2 , while the R ct for the covered electrode works out to be 154.0 Ω cm 2 . The relative increase in R ct values for a covered surface as compared to the bare surface reflects the poor accessibility of the probe species to the electrode. Based on these values, the coverage is calculated to be (84 ± 3) %. Impedance measurements were not carried out on silver since the metal oxidation at these dc bias potentials [formal redox potential of Fe(CN) 6 3-/4-is around 0. voltammetry is (84 ± 2) %, while it works out to be (83 ± 3) % based on impedance measurements using ferricyanide/ferrocyanide redox couple. The cobalt analog alone is found to catalyze the electrochemical processes, and, hence, the coverage studies are carried out using the surface electrochemistry as given below. The electrocatalytic reduction of oxygen is believed to be dependent on the orientation of the phthalocyanine molecules on the electrode surface, and this is being probed further.
Surface electrochemistry of the phthalocyanine films
Cyclic voltammetric studies have been carried out in deaerated buffer solutions, to understand the electrochemical behavior of the phthalocyanine films. This provides an easy way to explore the redox properties of phthalocyanines in the absence of potentially complicating solution equilibria. The stability of the adsorbed cobalt phthalocyanine films under electrochemical conditions is far superior to the corresponding copper and iron analogs. Moreover, [TACo(II)Pc] films are found to electrocatalyze the reduction of oxygen. This aspect is addressed in a separate paper. Hence, a detailed investigation is carried out on the surface electrochemistry of cobalt phthalocyanine films. Electrochemical studies on cobalt phthalocyanine and various substituted cobalt phthalocyanines have been investigated by adsorbing them on glassy carbon and different kinds of graphite electrodes like highly oriented pyrolytic graphite (HOPG), basal plane pyrolytic graphite (BPG), etc. [19, [32] [33] [34] [35] [36] . particularly the tetraaminated phthalocyanine [19] . Surface-confined species generally lead to very symmetric waves without any peak separation between the anodic and cathodic peak positions. The full width at half-maximum (fwhm) is expected to be 0.096 V for an ideal, reversible, one-electron reaction of an adsorbed species [38] . However, in the present study, a peak split of 0.15 V and 0.065 V are observed at a scan rate of 0.2 V/sec for peaks (i) and (ii), respectively (Fig. 4a) . When the fwhm values are analyzed, it is apparent that these are higher than the expected 0.096 V. These observations point on the kinetic limitations or repulsive interactions of the molecules in the film. A plot of the peak current vs. scan rate [for both the anodic (inset, Fig. 4a ) and cathodic processes] is found to be linear, as expected for a surface-confined species. These values are corrected for the large base currents observed. The cause of the large capacitive currents in the cyclic voltammograms is presently unknown, but we speculate that this may have its origin in the dielectric properties of the adsorbed films. The films are very stable, and the peak currents stay constant with repeated cycling in the potential range between 0.05 and -0.9 V. This is contrary to the observations of Lever and coworkers [19] where a physisorbed film of the tetraamino phthalocyanine on an HOPG electrode was found to be unstable. The stability on HOPG surface was reported to increase when the phthalocyanine film was polymerized on the surface by cycling the potential to positive values. In the present case, the adsorbed monomolecular film itself is found to be very stable even after repeated cycles.
The assumption that the adsorbed phthalocyanine films lead to a one-electron redox process at -0.66 V was checked as follows. The number of electrons, n, is related to the peak width at half-maximum (pwhm, W 1/2 ) if a Langmuir-type adsorption isotherm is assumed as, n = 2RT{ln(3 + 2√2)/FW 1/2 }. This results in a value of 0.7 for n. The departure from unity may be due to the interaction between adjacent molecules that would lead to a deviation from an exact Langmuir-type of adsorption isotherm. In self-assembled monolayer systems based on alkane thiols, interactions between adjacent molecules are well known [3] . Moreover, the use of any isotherm requires a dynamic equilibrium between surface and bulk, and the absence of phthalocyanine molecules in the bulk phase precludes such an equilibrium in the present study. Considering the peak at -0.66 V as a one-electron redox couple, a surface concentration of (0.35 ± 0.05) × 10 -10 mol cm -2 has been calculated for the real surface area based on the roughness factor mentioned earlier. If the phthalocyanine molecules are lying flat on the surface, yielding an area of approximately 200 Å 2 [19, 35] , the coverage, Γ, should work out to be 0.8 × 10 -10 mol cm -2 . Hence, the present coverage leads to approximately one monolayer [35, 39] . However, the small difference may be due to the n value being different from one. Figure 4b shows the cyclic voltammogram of the adsorbed cobalt phthalocyanine on a gold surface. It is observed that the stability of the film is low. Repeated cycling leads to a continuous decrease in peak currents. Following the procedure of Lever [19] , the as-prepared film was oxidized by cycling the electrode to more positive potentials. The resulting cyclic voltammogram (Fig. 4b) is very similar to the one observed for the polymerized amino phthalocyanine films on a HOPG electrode [19] . The redox waves observed at around -0.2 V were also observed on HOPG [19] , and this was tentatively assigned to the oxidation of the polyaniline-like components of the polymer film in addition to a contribution from the first-ring oxidation process [40] . However, we believe that the ring oxidation is more probable than the first possibility of the oxidation of polyaniline-like components. This is based on the fact that the redox wave at -0.2 V is observed on a silver surface as well (Fig. 4a) , wherein the phthalocyanine film is present in the monomer form (the potential of cycling is from 0.05 to -0.9 V) and not polymerized. The relative stability variations on the gold and silver surfaces may be due to the affinity of the -NH 2 groups being higher for silver than for gold electrodes. The surface electrochemistry of TACu(II)Pc films adsorbed on gold electrodes (Fig. 5b) [41] . The TACu(II)Pc films on silver surfaces result in redox couples at -0.75 and -0.6 V, the one at -0.75 V (Fig. 5a ) may be attributed to the ring reduction process as in the case of gold. However, it should be pointed out that the stability of the copper phthalocyanines on gold as well as on silver surfaces is poor and repeated cycling results in the diminishing of peak currents.
The electrochemical stability of the adsorbed iron phthalocyanine films in aqueous medium on both the electrodes is lower than the copper and cobalt analogs. The film electrochemistry of the TAFe(III)Pc films in phosphate buffer solutions on silver electrodes shows the presence of three redox peaks at potentials close to -0.1, -0.65, and -0.8V (figure not shown). The peaks at -0.1 and -0.65 may be assigned to the Fe (III)/Fe(II) and Fe(II)/Fe(I) couples based on the reported values in the literature for iron phthalocyanine [33] . The third couple is assigned to the ring reduction as given earlier.
FT-Raman studies
FT-Raman spectroscopy with an excitation wavelength of 1064 nm using a Nd:YAG laser has the advantage of being a "fluorescence-free" Raman technique. Recent studies on near-infrared surface enhancement (FT-SERS) has shown enhancement factors of 10 5 -10 6 with various metal substrates such as Au, Ag, and Cu [42] . In the present studies, we have characterized the adsorbed phthalocyanine films on roughened metal surfaces, using FT-Raman scattering technique. The electrochemical characteristics of the films formed on polished as well as roughened metal surfaces are found to be similar. The films were washed very well to ensure that the weakly physisorbed phthalocyanine is completely removed. Despite the high complexity of the molecule, the Raman lines are clearly detectable. It is known that when the density of the molecules in the film is small and the interaction among them is negligible, the measured Raman intensity directly reflects the magnitude of the absolute scattering cross-section of individual molecules [43] . Metallophthalocyanines have a sufficiently large Raman cross-section, and it may be expected that a high signal-to-noise ratio will be obtained in the spectra [43, 44] .
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Self-assembled molecular films of tetraamino metal phthalocyanines 1617 Figure 6 shows the active frequency region of the TACu(II)Pc film on silver. Similar spectrum is obtained with Au substrates as well. The Raman bands recorded on the adsorbed films on gold and silver surfaces are compared with the spectra of the thin film of the phthalocyanine on a glass surface as well as phthalocyanine dissolved in dimethylformamide (not shown). Table 1 gives various bands and the corresponding assignments. Raman signals observed for the phthalocyanine macrocycle in the region 600-900 cm -1 are in good agreement with those documented in literature [45] [46] [47] [48] . The spectra are dominated by strong in-plane stretching and breathing modes of the macrocycle and are assigned based on the reported literature [45] [46] [47] [48] . The stretching vibration involving the bridging nitrogen on the macrocycle is observed at 1395 cm -1 . The macrocyclic vibration observed at 1106 cm -1 may be due to -C=C-and -C-H bonds. Both bands are observed to be very intense. A band corresponding to δC-H appears at 1272 cm -1 on both the metal substrates. The relative intensity of the benzene breathing signal observed at ~954 cm -1 is higher on Ag than on gold. The pyrrole ring out-of-plane deformation appears at 736 cm -1 and the out-of plane C-H bending vibration appears at 749 cm -1 [47] . The relative intensity of the 736 cm -1 band is higher on silver than on gold. The stretching vibration of the isoindole ring is observed at 1490 cm -1 on the glass surface while it is shifted to 1484 cm -1 on Au and to 1472 cm -1 on Ag.
The adsorption process leads to an interaction of the metal with the nitrogen of the amino group, and this would give rise to a metal-nitrogen stretch. Indeed, an intense band is seen in the case of the molecular film on silver surface at 236 cm -1 . This is absent in the case of glass slide as well as the solution spectra. This signal is assigned to Ag-N stretching mode of vibration [49] . The relative intensities corrected for the base line are different on silver as compared to gold surface. This aspect of surface enhanced Raman scattering studies will be reported elsewhere. (47) Macrocycle breathing 597 (28) Benzene ring deformation 572 (36) Out-of-plane ring deformation 236 (23) Ag-N stretching γ Stretching; δ, Bending; α and β are indicated in Fig. 1 .
CONCLUSIONS
Tetraamino metal phthalocyanines adsorb onto gold and silver electrodes with the nitrogens anchoring onto the metal surface. The surface coverage is fairly high and close to a monolayer on both metal substrates. Preliminary investigations reveal that the tetraamino cobalt phthalocyanine monolayer film on silver electrodes is very stable and electroactive. The use of these films for the electrocatalytic reduction of oxygen is being explored.
